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caspase 3; cytochrome c MITOCHONDRIA ARE THE MOST abundant organelles in cardiac muscle and play leading roles in energy production, oxidative stress, and regulation of apoptosis (21) . We (26) recently reported that insulin acutely stimulated translocation and activation of Akt to myocardial mitochondria and modulated mitochondrial oxidative phosphorylation. Moreover, insulinstimulated Akt translocation to mitochondria was significantly diminished in insulin-resistant myocardium (26) . Phosphocreatine-to-ATP ratios were reduced in heart failure patients (15) , and dysregulation of myocardial bioenergetics may play a role in the development of diabetic cardiomyopathy (1). The energy produced from electron transport chain helps pump protons out of the inner membrane to maintain an electrochemical gradient (⌬⌿m) across mitochondria membranes (21) . Maintenance of adequate ⌬⌿m prevents mitochondria membrane depolarization and is essential to allow ATP production and prevent induction of apoptosis (21) . Apoptosis of cardiac muscle cells contributes to development of cardiomyopathy and heart failure (9, 23) . Understanding the mechanisms through which hormonal signaling modulates apoptosis may offer new opportunities to prevent loss of cardiac functioning unit.
Activation of the phosphatidylinositol 3-kinase (PI3-kinase)-Akt pathway negatively modulates mitochondrial apoptosis signaling in the cardiomyocytes and other cell types (8, 19) . We (24) have previously shown that a plasma membrane-targeted constitutive active PI3-kinase inhibited mitochondria-mediated apoptosis in cardiomyocytes, at least in part through activation of Akt. Insulin receptor signaling sequentially activates PI3-kinase and production of Ptdlns(3,4,5)P3/ P2, PDK1, and Akt/PKB (12, 19) . Akt may phosphorylate Bad and sequester Bad from acting on mitochondria to promote cell survival (16) . Although previous studies (25) have shown that activation of Akt pathway could suppress efflux of cytochrome c from mitochondria and activation of caspases in cardiac muscle cells, our knowledge on Akt/PKB actions is largely focused on the cytosolic compartment and nucleus. Whether activation of Akt in mitochondria can modulate apoptosis of cardiac muscle cells is not known. Insulin-induced Akt translocation to mitochondria is a novel paradigm underlying dysregulation of myocardial bioenergetics in animal models of diabetes (26) . Since Akt can be translocated and activated in mitochondria, it is necessary to determine whether activation of Akt in mitochondria alone can modulate apoptosis in cardiomyocytes. We therefore investigated the role of mitochondrial Akt activation, and the results indicated that mitochondrial activation of Akt could independently inhibit cardiac apoptosis signaling.
RESEARCH DESIGN AND METHODS
Materials. FBS and cell culture medium were purchased from Irvine Scientific (Santa Ana, CA). Immobilon-P membranes were from Millipore (Bedford, MA). Anti-cytochrome c, anti-␤-actin, antipoly(ADP-ribose) polymerase-1, anti-␣-tubulin, and anti-Akt antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies against the active fragment of caspase 3 and apoptosisinducing factor (AIF) were from Cell Signaling Technology (Danvers, MA). Anti-porin antibody was obtained from MitoSciences (Eugene, Oregon, CA). Peroxidase-conjugated secondary antibodies were from Santa Cruz Biotechnology or GeneTex (Irvine, CA). Akt activity assay kit was purchased from BioVision (Mountain View, CA). JC-1 and terminal deoxynucleotidyltransferase-mediated nick-end labeling (TUNEL) imaging assay reagents were from Invitrogen (Carlsbad, CA). BSA was purchased from Fisher Scientific (Fairlawn, NJ). LY294002 was from Biomol (Plymouth Meeting, PA). All other chemicals were purchased from Sigma or Fisher Scientific.
Cell culture and transduction of viral constructs. Primary cultures of neonatal cardiomyocytes were prepared from Sprague-Dawley rats according to a protocol we previously described (24) . The animal experimental procedures were approved by the Institutional Animal Care and Use Committee at University of California, Irvine. Cardiomyocytes were plated in 100-mm Petri dishes (ϳ80 -85% density) or 8-chamberslides and maintained with DMEM containing 10% FBS and 1% penicillin/streptomycin and incubated at 37°C, 5% CO 2. To transduce adenoviral or lentiviral vectors, cardiomyocytes were incubated with equal amounts of viral vectors in DMEM containing 10% FBS for 72-96 h. Two recombinant adenoviruses were used in this study. An adenoviral vector expressed a mitochondria-targeting constitutively active mitochondrial-targeted Akt (Ad-Mito-Akt). Constitutively active Akt was created by mutating Thr308 and Ser473 to aspartic acid residues, which mimics phosphorylation and resulted in an active Akt construct (2) . Mitochondrial targeting was achieved by fusing a mitochondria targeting sequence (MSVLTPLLLRGLTG-SARRLPVPRAKIHSL) to the N terminal. The control adenovirus expressed green-fluorescent protein (Ad-GFP). A His-tagged dominant negative Akt (substitutions at K179A, T308A, and S473A) with mitochondria targeting sequence at the N terminus was subcloned into a Tet-on inducible lentiviral vector with and without GFP.
For induction of apoptosis, after overnight serum deprivation, cardiomyocytes were incubated with doxorubicin (1 M) or H 2O2 (100 M) in serum-free DMEM for the indicated time period as described previously (22) . When indicated, LY294002 was added to inhibit endogenous Akt signaling, 20 min before doxorubicin or H 2O2 treatment.
Preparation of mitochondria, nuclear, and cytosolic proteins. For preparation of mitochondria fractions, cells were harvested in mitochondria isolation buffer (20 mM HEPES-KOH pH 7.2, 10 mM KCl, 1.5 mM MgCl2, 1.0 mM sodium EDTA, 1.0 mM sodium EGTA, 1.0 mM dithiothreitol, and 250 mM sucrose), supplemented with protease/phosphatase inhibitors (3 g/ml aprotinin, 3 g/ml leupeptin, 2 mM phenylmethylsulfonyl fluoride, 20 mM NaF, 10 mM NaPP, and 2 mM Na3VO4). After incubating on ice for 30 min, the cells were homogenized with 20 strokes of loose pestle and 50 strokes of tight pestle with a homogenizer. The nuclei and cell debris were removed by centrifugation at 1,000 g for 15 min, 4°C. The supernatants were collected for centrifugation (10,000 g, 15 min at 4°C), and the resulting mitochondrial fractions were resuspended with mitochondria isolation buffer. The supernatants that contained the cytosolic fractions were further centrifuged at 100,000 g for 1 h at 4°C to collect cytosolic proteins. The cytosolic and mitochondrial fractions were stored at Ϫ80°C until further analysis. The protein concentrations were determined by the Bradford method.
To isolate the nuclear fractions, cells were harvested by scraping with ice-cold hypotonic buffer (10 mM HEPES pH 7.9, 1.5 mM MgCl2, and 10 mM KCl) with protease/phosphatase inhibitors. After incubating on ice for 10 min, the cells were homogenized with a homogenizer. After centrifugation at 3,300 g for 15 min, the pellets were resuspended with a low-salt buffer (20 mM HEPES, pH 7.9, 25% glycerol, 1.5 mM MgCl2, 20 mM KCl, and 0.2 mM EDTA) in the presence of protease/phosphatase inhibitors. Then, a high-salt buffer (20 mM HEPES pH 7.9, 25% glycerol, 1.5 mM MgCl2, 1.2 M KCl, and 0.2 mM EDTA) was added drop wise, and the nuclear proteins were extracted by continuous gentle mixing for 30 min. The mixtures were cleared by centrifugation at 25,000 g for 30 min, and the nuclear extracts in the supernatants were collected for further experiments.
Western blots. Equal amounts of proteins from each sample were separated by SDS-PAGE, transferred to Immobilon-P membrane, and incubated with a blocking buffer (3% BSA in 20 mM Tris·HCl pH 7.5, 137 mM NaCl, and 0.1% Tween 20) for 1 h at room temperature. The membranes were incubated sequentially with primary antibodies overnight at 4°C, washed three times with TBS-T (20 mM Tris·HCl pH 7.5, 137 mM NaCl, and 0.1% Tween 20) , and incubated with respective horseradish peroxidase-conjugated secondary antibodies (1:5,000 to 1:20,000 dilution in TBS-T) for 1 h at room temperature. The membranes were washed three times with TBS-T and incubated with West Pico Chemiluminescent Substrate to visualize the target proteins (Thermo Scientific, Pittsburgh, PA).
Akt activity assay. The Akt activity assay kit used Akt-specific antibody for immunoprecipitation of Akt, and the activity of the immunoprecipitated kinase was measured in vitro using exogenously added recombinant GSK3␣ as the substrate. The resulting phosphorylated GSK3␣ is determined by immunoblotting. Equal amounts of proteins (250 g) were immunoprecipitated with anti-Akt monoclonal antibody, and the Akt kinase assay was performed as per the manufacturer's instructions. Phospho-specific (Ser-21) antibodies to GSK3␣ were used for immunoblotting.
Immunofluorescence staining. To locate the expressed Mito-Akt proteins in cardiomyocytes, the cells were infected with Ad-Mito-Akt for 48 h and fixed with 4% formaldehyde for 30 min at room temperature. After being washed three times with PBS, cells were treated with 0.05% saponin in ddH2O for 20 min and blocked with 10% normal sera for 30 min. The fixed cells were incubated with rabbit-anti-Mn-SOD (Upstate) to locate mitochondria and mouseanti-HA antibodies to locate the expressed HA-tagged Mito-Akt, overnight at 4°C. The cells were incubated with conjugated secondary antibodies for analysis. For other immunofluorescence analysis, the cells were fixed with 4% paraformaldehyde for 15 min at room temperature and incubated with a blocking buffer(10% serum in PBS with 0.1% Triton X-100) for 30 min. Primary antibodies (1:500 dilutions) were added and incubated overnight at 4°C. After being washed, the cells were incubated with secondary antibodies conjugated with TexRed (1:400 dilutions) for 1 h and counterstained with DAPI and analyzed with Eclipse Ti fluorescence microscope (Nikon).
Analysis of the mitochondrial cross-membrane electrochemical gradient (␦⌿m). JC-1 (5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbocyanine iodide) was used to define the changes of mitochondria membrane potential. When mitochondria membrane depolarized, emission of JC-1 shifts from red to green (8) . Cardiomyocytes were washed twice with PBS and incubated with a buffer containing JC-1(10 M) for 20 min at 37°C under 5%CO 2. The cardiomyocytes were immediately analyzed with Eclipse Ti fluorescence microscope (Nikon) and the images were recorded with a Nikon digital camera.
TUNEL assay. TUNEL assays were performed to detect apoptotic cardiomyocytes using the Click-i TEdUTP TUNEL assay kit according to the manufacturer's procedure (Invitrogen). Cardiomyocytes were fixed with 4% paraformaldehyde and incubated with terminal deoxynucleotidyltransferase in reaction buffer containing EdUTP overnight in room temperature. Positive controls were treated with DNase I. Negative controls were incubated in a reaction buffer without terminal deoxynucleotidyltransferase. The cardiomyocytes were counterstained with DAPI. TUNEL-positive nuclei were counted under Eclipse Ti fluorescence microscope (Nikon) and expressed as percentage of the total number of cardiomyocyte nuclei (DAPI). Eight microscopic fields (ϫ20 objective) were selected randomly from each sample and analyzed for TUNEL-positive cells.
Statistical analysis. The data are presented as means Ϯ SE. The intensity of bands from Western blots was scanned with densitometry and digitally analyzed. Statistical significance was tested with Student's t-test or ANOVA with post hoc analysis when appropriate. P Ͻ 0.05 was considered statistically significant.
RESULTS
Overexpression of mitochondria-targeted constitutively active Akt in primary cardiomyocytes did not alter cytosolic or nuclear Akt. Primary cardiomyocytes were used as a model for this study. In vivo injection of insulin acutely increased Akt phosphorylation and translocation to the mitochondria in myocardium (26) . Similar to the in vivo models, insulin increased accumulation of phosphorylated Akt in the mitochondria in primary cardiomyocytes (Fig. 1A) . To study the effect of mitochondrial Akt activation, a mitochondria-targeted constitutively active Akt was overexpressed in the primary cardiomyocytes with adenoviral vector (Ad-Mito-Akt; Fig. 1B ). To ensure expression of constitutive active Akt did not affect Akt activity in the cytosolic compartment, we analyzed Akt kinase activities, using recombinant GSK3␣ as substrates, in the cytosolic fractions isolated from the cardiomyocytes transduced with Ad-Mito-Akt or Ad-GFP (control). As shown in Fig. 1C , insulin increased Akt kinase activities in the untransduced cells but overexpressing Mito-Akt in the mitochondria did not increase Akt kinase activity in the cytosolic fraction. In this experiment, the kinase activity in the whole cell lysates could not be directly compared with the activity in cytosolic fraction (crude whole cell lysates vs. subfractionated cytosolic proteins). Since endogenous Akt could be translocated to the cell nucleus, we also analyzed the abundance of Akt proteins in the nuclear fraction (Fig. 1D) . Forced expression of mitochondria-targeted active Akt did not increase Akt protein in the nuclear fraction; poly(ADP-ribose) polymerase and tubulin were used as specific markers for the nuclear and the nonnuclear fractions while actinin was present in both fractions. To confirm mitochondria targeting was achieved with Ad-MitoAkt, the cardiomyocytes expressing Mito-Akt were analyzed with immunofluorescence staining (Fig. 1E) , and the results showed that Mito-Akt colocalized with the mitochondria marker Mn-SOD.
Activation of mitochondrial Akt inhibited apoptosis signaling. This series of experiments was designed to determine whether activating mitochondrial Akt can modulate mitochondrial apoptosis signaling. Cardiomyocytes were transduced with AdMito-Akt or Ad-GFP (control), and apoptosis was induced by the addition of doxorubicin or H 2 O 2 to culture media. The cells were subfractionated, and the cytosolic fractions were used to Fig. 1 . Overexpression of mitochondria-targeted active Akt did not modulate nuclear cytosolic Akt kinase activity or enhance nuclear translocation of Akt in cardiomyocytes. A: insulin induced mitochondrial Akt signaling in cardiomyocytes. Primary cardiomyocytes were serum deprived overnight and stimulated with insulin (10 Ϫ7 M) at indicated time intervals. Equal protein amounts of mitochondria lysates were resolved with SDS-PAGE and immunoblotted with specific antibodies. Cardiomyocyte mitochondria preps were treated with proteinase K to remove cytosolic protein contamination; the control lane (C) represents untreated mitochondria preps from unstimulated cells. Tom20 is an outer membrane protein that can be digested by proteinase K. B: Overexpression of a constitutively active Akt in the mitochondria of cardiomyocytes. Cardiomyocytes were infected with Ad-Mito-Akt or Ad-GFP and the mitochondria were isolated and immunoblotted with anti-Akt antibodies. Ad-Mito-Akt was constructed with a mitochondria-targeting sequence and a constitutively active Akt (see RESEARCH DESIGN AND METHODS). Abundance of mitochondria Akt was significantly increased in the cells infected with Ad-Mito-Akt. C: cytosolic Akt kinase activity was not increased in the cells transduced with Ad-Mito-Akt. Cardiomyocytes were transduced with Ad-Mito-Akt or Ad-GFP (Control), and the cytosolic fraction was isolated for kinase assay with recombinant GSK3␣. Akt was immunoprecipitated from whole cell lysates or cytosolic fractions and the in vitro assay performed using GSK3␣ as substrate, the phosphorylation of GSK3␣ was measured by Western blot. Whole cell lysates served as positive control for the assay. D: nuclear localization of Akt. Nuclear (Nucl) and nonnuclear (Non-Nucl) compartments were subfractionated and immunoblotted with specific antibodies. Control cells were transduced with Ad-GFP. poly(ADP-ribose) polymerase (PARP) is a nuclear protein and tubulin is a cytosolic protein. E: immunofluorescence localization of expressed Mito-Akt in cardiomyocytes. Cardiomyocytes were infected with Ad-Mito-Akt for 48 h. Mito-Akt protein was identified by its HA tag (red), and mitochondria were localized with anti-Mn-SOD antibodies (green). Nucleus was counterstained with DAPI (blue).
analyze activation of caspase 3 and release of cytochrome c. Figure 2A showed that Mito-Akt inhibited activation of caspase 3 and release of cytochrome c in the doxorubicin-treated cells. Similarly, Mito-Akt inhibited activation of caspase 3 and efflux of cytochrome c and AIF to the cytosolic compartment in the cells treated with H 2 O 2 . Cytochrome c and AIF release are considered key steps of mitochondrial apoptosis signaling. To further confirm the effect of mitochondrial Akt on apoptosis signaling, we investigated whether inhibition of mitochondrial Akt could activate caspase 3. To this end, the cardiomyocytes were transduced with a mitochondria-targeted dominant negative Akt via a Tet-inducible lentiviral vector (Lenti-Tet-MitodnAkt). As shown in Fig. 2B , mitochondria-targeted dominant negative Akt induced activation of caspase 3 in cardiomyocytes. These experiments provided additional evidence that mitochondrial Akt activity could modulate apoptosis signaling in cardiomyocytes. To confirm localization of the dnAkt in mitochondria, cardiomyocytes were subfractionated into cytosolic and mitochondria fractions and immunoblotted with anti-His-tag antibodies (Fig. 2C) , the results confirmed the presence of dnAkt in the mitochondria fraction. To further visualize the distribution of Mito-dnAkt in cardiomyocytes, we infected cardiomyocytes with Mito-dnAkt and GFP. The results are presented in Fig. 2D , the majority of Mito-dnAkt colocalized with mitochondria in cardiomyocytes. Since previous studies have shown that cytosolic Akt signaling could inhibit cardiac apoptosis, we next compared the effects of membrane-targeted Akt signaling with mitochondria-targeted Akt signaling. To this end, a plasmamembrane-targeted constitutively active Akt (myristoylated-Akt, Myr-Akt) was overexpressed with adenoviral vector. Cardiomyocytes were infected with the same viral concentrations of Ad-Mito-Akt or Ad-Myr-Akt, and apoptosis was induced by doxorubicin treatment (Fig. 2E ). Both C: expression of mitochondria-targeted dominant negative Akt in mitochondrial fraction. Cardiomyocytes were infected with Lenti-tet-Mito-dnAkt for 48 h and then incubated with doxycycline for 48 h to induce Mito-dnAkt expression, and the cells were fractionated into the cytosolic (Cyto) and mitochondria (Mito) fractions as described in RESEARCH DESIGN AND METHODS, and the proteins were resolved with SDS-PAGE for immunoblotting. Cardiomyocytes infected with Lenti-tet-Mito-dnAkt showed increased expression of Mito-dnAkt (identified with anti-His-tag antibodies) in the mitochondria fraction. D: subcellular localization of Mito-dnAkt in cardiomyocytes. Mito-dnAkt was tagged with GFP and overexpressed in the cardiomyocytes and analyzed with fluorescence microscope. Mitochondria were labeled with MitoTracker staining (red). E: independent effects of mitochondria-targeted Akt and plasma-membrane targeted Akt on caspase 3. Cardiomyocytes were transduced with equal amounts of Ad-Mito-Akt, Ad-myr-Akt, or control vector. Constitutively active myristoylated-Akt (Ad-myr-Akt) targets the plasma membrane. For comparison, the effect of Mito-dnAkt was also included in this experiment. Cardiomyocytes were incubated with Dox to induce apoptosis when indicated. Mitochondria-targeted Akt and the plasma-membrane-targeted Akt independently suppressed activation of caspase 3.
Mito-Akt and Myr-Akt inhibited activation of caspase 3, but the effect of Mito-Akt was better than Myr-Akt. This experiment suggested that cytosolic Akt signaling and mitochondrial Akt signaling independently suppressed activation of caspase 3.
Activation of mitochondrial Akt modulated mitochondria electrochemical gradient and cell death. Collapse of mitochondria cross-membrance electrochemical gradient (⌬⌿m) lead to release of apoptosis-triggering molecules, such as cytochrome c and AIF, from mitochondria to the cytosolic compartment to execute apoptosis. To determine whether cross-membrane electrochemical gradient was modulated by activation of mitochondrial Akt, we used JC-1 to characterize the gradient (Fig. 3) . In the control cardiomyocytes transduced with control adenovirus, the gradient was lost after doxorubicin treatment (Fig. 3-1) , whereas overexpressing mitochondria-targeted active Akt suppressed the loss of gradient (attenuated loss of red fluorescence). We also analyzed the presence of activated caspase 3 in cardiomyocytes in vivo. Figure 3-2 shows that activated caspase 3 was detected in the cardiomyocytes after doxorubicin treatment and overexpression of Mito-Akt inhibited activation of caspase 3 in vivo. To detect cell death, we analyzed these cells with TUNEL assay; overexpression of Mito-Akt significantly inhibited the occurrence of cell death in cardiomyocytes ( Fig. 3-3 and 3-4) . Overerxpression of Mito-Akt reduced the number of apoptotic cardiomyocytes (doxorubicin treatment: 16 vs. 27%, P Ͻ 0.01; H 2 O 2 treatment: 23 vs. 92%, P Ͻ 0.001). Together with the results on apoptosis signaling, these data indicated that activation of mitochondrial Akt increased cardiomyocytes survival by suppressing activation of mitochondrial apoptosis signaling.
To determine whether the effect of mitochondrial Akt was independent of the actions of cytosolic Akt, we investigated the effect of Mito-Akt on caspase 3 when endogenous Akt had been inactivated. To this end, LY294002 was added to the media to inhibit endogenous Akt (Fig. 4, top) . The results showed that while endogenous Akt was inhibited by LY294002, Mito-Akt could still suppress activation of caspase 3 in cardiomyocytes. These results render evidence that mitochondrial Akt can inhibit caspase 3 signaling independent of cytosolic Akt. Further experiments with TUNEL assay indicated that the antiapoptotic effect of Mito-Akt when endogenous Akt signaling was inhibited by LY294002, as the number of TUNEL-positive cardiomyocytes was significantly reduced in the cells transduced with Ad-Mito-Akt (Fig. 4, bottom) . We thus concluded that activation of mitochondria Akt could inhibit cardiomyocytes apoptosis independent of cytosolic Akt.
DISCUSSION
Our study showed that activation of mitochondrial Akt signaling directly inhibited apoptosis of cardiomyocytes. Apoptosis in cardiac muscle could be induced by diabetes (7), ischemia (13) , reperfusion injury (3), viral infection (28), and cardiotoxins (22) and contributed to the development of cardiomyopathy. Inhibiting apoptosis signaling in cardiac muscle minimized myocardial injuries and improved myocardial function in experimental models of cardiomyopathy (6, 27) . The central role of mitochondria in apoptosis is well established in invertebrate and vertebral animal cells. Mitochondria-mediated apoptosis has been observed across key model systems, from nematodes, flies, to mammalian cells. It is believed that various death signaling (intrinsic and extrinsic) converges on mitochondria and triggers cytochrome c release (18) . The opening of mitochondrial permeability transition pores leads to matrix swelling, depolarization of the membrane potential (crossmembrane electrochemical gradient), and release of cytochrome c and other intermembrane space proteins to activate caspase cascades (5, 18) . Cytochrome c shuttles electrons between oxidative phosphorylation complexes and plays a role in respiration. However, its role of amplifying apoptosis connects mitochondria to caspase cascades.
Release of cytochrome c and activation of caspase 3 have been reported in human cardiomyopathy and are considered key regulators of cell death in cardiomyopathy (14) . Activation of PI3-kinase and Akt pathway could protect cardiac muscle against cell injuries and preserve mitochondria function. Our laboratory (24) has shown that a plasma membrane-targeted constitutive active PI3-kinase inhibited apoptosis signaling induced by doxorubicin in cardiomyocytes (24) . Ischemia-and reperfusion-induced cell death was also decreased by activation of PI3-kinase (5). Transducing myocardial with constitutive active Akt could minimize infarct size and improve myocardial function in animal models of myocardial ischemia (4). Infecting cardiomyocytes with constitutively active Akt inhibited induction of apoptosis whereas dominant negative Akt promoted apoptosis (20) . However, whether Akt directly modulated mitochondria-mediated apoptosis in cardiomyocytes was not entirely clear. In this study, our data indicate that activation of Akt in mitochondria suppressed apoptosis in cardiomyotes by stabilizing mitochondria cross-membrane electrochemical gradient, inhibiting cytochrome c efflux, and suppressing caspase 3 activation.
There is evidence suggests the ability of Akt to inhibit apoptosis requires glucose metabolism (10, 17) . Majewski et al. (11) has shown that dissociation of hexokinase from mitochondria inhibited the antiapoptotic effect of a plasma membrane-targeted constitutive active Akt in fibroblasts, but the direct effect of Akt activation in mitochondria could not be assessed in such experimental system because the membranetargeted constitutively active Akt used could not be translocated into mitochondria. We have shown that activation of Akt in mitochondria promoted respiration when oxidative phosphorylation was assayed using pyruvate as substrates (26) . Whether there is a relationship between the effects of mitochondrial Akt on glycolytic respiration and on apoptosis signaling is not yet clear and will require further investigation.
Akt/PKB, a serine/threonine kinase, is a critical signaling node within mammalian cells and plays significant role in the signaling regulation of human physiology and diseases (12) . Most previous studies focused on signaling downstream of Akt in the cytosolic compartment and, to a lesser extent, in the nucleus. Interestingly, we have shown that insulin-stimulated Akt translocation to mitochondria was impaired in animals models of diabetic cardiomyopathy, accompanied by reduced oxidative phosphorylation (26) . Together with the antiapoptotic effect of mitochondrial Akt, these data suggest that mitochondrial Akt signaling may play important pathophysiological roles in normal and diabetic myocardium. Recognition of mitochondrial Akt signaling underlies a complex Akt signaling network span through cytosol, nucleus, and mitochondria. Future investigations that identify direct phosphorylation targets of the kinase in mitochondria and its cellular functions will help define the role of mitochondrial Akt signaling in the Akt signaling network.
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